ABSTRACT
INTRODUCTION
Following termination of pregnancy (TOP), postmortem examination is important, not only to confirm prenatal findings, and therefore assess clinical practice, but also to help counsel parents concerning the likelihood of recurrence for future pregnancies [1] [2] [3] [4] [5] . While perinatal autopsy rates are declining, the last decade has witnessed the emergence of alternative techniques, such as virtual autopsy, using mainly magnetic resonance imaging (MRI) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . These techniques are significantly more acceptable to parents than are conventional invasive techniques 12, 19 , and postmortem MRI may, in some cases, have a higher success rate compared with conventional autopsy, particularly for examination of the developing fetal brain 9, 12, 14 . Ultrasound examination (US) has not been assessed in detail as a postmortem imaging technique. Yet, it is a widely available, cheap modality and could potentially be used by fetal medicine specialists as a first-line examination before other techniques are indicated. The first study to describe the use of US in postmortem examination was that of Fariña et al., but it did not concern fetuses 20 . The feasibility of fetal postmortem US has been investigated, in a series of 88 fetuses at 11-40 weeks' gestation 21 . Abnormality detection rates were 90.9% for the brain, 88.9% for the thorax including the heart and 85.7% for the abdominal organs. The respective specificities were 87.3%, 92.8%, and 94.6%, although the study was not powered strongly, and the reported confidence intervals were wide, indicating a need for more subjects. While the generalizability of the study was also limited, as all examinations were performed by a single operator who was aware of the prenatal findings, it suggests feasibility of the technique and, thus, a need for its comprehensive evaluation in a larger cohort of subjects.
Our aim was to assess the diagnostic accuracy of postmortem US performed by experienced operators blinded to the prenatal findings and to the invasive autopsy results, and to investigate the effect of various parameters on its diagnostic success.
SUBJECTS AND METHODS

Study participants and design
This was a prospective, multicenter study, conducted at the Fetal Medicine Unit of the University Hospital Brugmann, Université Libre de Bruxelles, in Brussels, Belgium and Great Ormond Street Hospital for Children NHS Foundation Trust, in London, UK. Each local ethics committee approved the study. Between January 2014 and December 2016, to all parents following TOP, in-utero fetal death (IUFD) or miscarriage, postmortem US was offered alongside existing clinical service provision of full conventional autopsy or minimally invasive autopsy (MIA) with endoscopic postmortem examination. All fetuses were delivered vaginally following induction of labor. Dilation and curettage was not performed in any of the cases included in this study. Parental consent was obtained for postmortem US, MIA and conventional autopsy, as appropriate. Fetuses were stored in refrigerated compartments at 4
• C while awaiting postmortem examination.
Postmortem ultrasound
Postmortem two-dimensional (2D) US was performed by a fetal medicine specialist or pediatric radiologist with more than 5 years' experience in prenatal imaging. Examinations were performed using a Voluson E8 machine (GE Medical Systems, Zipf, Austria), equipped with high-frequency linear probe RSP and mode of death (TOP, IUFD, miscarriage) . To ensure conformity with the protocol, none of these operators was involved, at any stage, in the prenatal care of any fetus that they scanned. Nineteen internal organs were analyzed and their examination described as diagnostic (normal or abnormal) or non-diagnostic, depending on whether the organ could be seen and distinguished clearly for diagnosis. They were then grouped into four anatomic regions: brain (corpus callosum, thalamus, cerebral ventricles, cortex and cerebellum), thorax (thymus, trachea and lungs), heart (heart ventricles, atria, septum, and great arteries) and abdomen (liver, spleen, stomach, adrenals, kidneys, bladder and bowels). Since clinical examination and skeletal radiography provide excellent diagnostic performance for the musculoskeletal system, we simply listed any anomalies of this system, without analyzing the accuracy of postmortem US. The anatomic region was considered normal when every organ within it was normal, abnormal if at least one organ was abnormal and non-diagnostic when at least one organ was non-diagnostic and the others were normal. The results were entered into an independent database immediately after postmortem US examination and before conventional autopsy, if this was performed.
Conventional postmortem examination and MIA
Conventional autopsies were performed according to national guidelines, which includes microscopic evaluation, by specialist perinatal/pediatric pathologists with more than 15 years of experience in fetal autopsy. MIA by endoscopic postmortem examination was performed according to a previously described method 22 . The pathologists were informed of the main prenatal findings relating to fetal death in order to produce a full clinical report for future parental counseling. They were blinded to the postmortem US results. The same 19 organs were grouped as for the postmortem US examination to allow comparison of the techniques.
Fetal maceration was determined on macroscopic examination. Maceration was defined as being present when more than 10% of the fetal skin was detached or when internal organs showed significant autolysis. For each of the four anatomic regions, a conventional autopsy was described as non-diagnostic when a complete dissection was impossible due to severe autolysis.
Statistical analysis
For each of the four anatomic regions, logistic regression analysis was used to investigate the effect of: (i) gestational age at postmortem US (< 20 weeks, ≥ 20 weeks), (ii) presence of maceration (yes, no) and (iii) mode of death (TOP, IUFD, miscarriage), as categorical variables, on whether the exam succeeded or failed to reach a diagnosis. Sensitivity and specificity and their 95% CIs were calculated. We included the non-diagnostic cases in the group of false negatives for calculation of sensitivity and in the group of false positives for calculation of specificity. Concordance was defined as the sum of true positives and true negatives divided by all cases including non-diagnostic cases. Discordance was defined as the sum of false negatives and false positives divided by all cases including non-diagnostic cases. For calculation of the accuracy test for 'all organs', we considered the final conclusion of full postmortem examinations for each fetus when full postmortem US and autopsy were available. The full postmortem examination was considered abnormal if at least one abnormality was detected, it was considered normal if all anatomical regions were found to be normal, and it was described as non-diagnostic if at least one anatomical region was non-diagnostic and the rest were normal. Sensitivity, specificity, concordance and discordance rates and non-diagnostic rate for the overall organs were compared between fetuses < 20 weeks and fetuses ≥ 20 weeks, using Fisher's exact test.
Data are presented as medians unless stated otherwise. Data were analyzed with the statistical software SPSS version 23.0 (IBM SPSS Statistics for Windows, IBM Corp., Armonk, NY, USA), R version 3.0.2 (The R Foundation for Statistical Computing, Vienna, Austria) and Excel version 9.0 (Microsoft Corp., Redmond, WA, USA). A two-sided P-value < 0.05 was considered to be statistically significant.
RESULTS
We included 163 fetuses with postmortem US examination, with gestational age ranging from 13 to 42 (median, 23) weeks ( Figure 1 ). The examination was performed between 0 and 39 (median, 2) days after delivery. Conventional autopsy was performed in 112 of these cases and MIA was performed in 11, between 0 and 47 (median, 5) days after delivery. Of these 123 cases, 95 had a brain autopsy. The gestational age at delivery was < 20 weeks in 44 cases and ≥ 20 weeks in 119. Seventy-six fetuses had at least one anomaly confirmed at autopsy or MIA. These anomalies are listed in Table 1 .
For the fetal brain, postmortem US was diagnostic in 122 (74.8%) of 163 fetuses. The examination was non-diagnostic in 17 of the 43 (39.5%) fetuses with maceration and in 24 (20.0%) of the 120 fetuses without maceration. Univariate regression analysis showed that a non-diagnostic result was significantly more common in the presence of maceration, but there was no association between non-diagnostic result and gestational age at postmortem US or mode of death (Table 2) .
For the fetal thorax excluding the heart, postmortem US was diagnostic in 135 (82.8%) of 163 fetuses. The examination was non-diagnostic in 15 (34.1%) of 44 fetuses < 20 weeks gestation and in 13 (10.9%) of 119 fetuses ≥ 20 weeks. Univariate regression analysis showed that a non-diagnostic result was significantly more common when postmortem US was performed at gestational age < 20 weeks compared with ≥ 20 weeks, but was not associated with maceration or mode of death.
For the heart, postmortem US was diagnostic in 134 (82.2%) of 163 fetuses and for the abdominal organs it was diagnostic in 132 (81.0%) fetuses. For both of these anatomic regions, we found no association between the rate of non-diagnostic results and gestational age, presence of maceration or mode of death ( Table 2) .
Accuracy of postmortem US
Our accuracy analysis showed that postmortem US of all organs had a sensitivity of 74.7% (95% CI, 64.8-84.5%) and a specificity of 83.3% (95% CI, 70.0-92.5%), with a concordance rate of 78.0% (95% CI, 70.7-85.4) and a discordance rate of 6.5% (95% CI, 3.3-12.
3) (Table 3) . Overall, there was no significant difference found between fetuses of gestational age < 20 weeks and those ≥ 20 weeks at postmortem.
Fetuses < 20 weeks' gestation
For the fetal brain and thorax, there were too few cases < 20 weeks with abnormalities for the calculation of sensitivity. Specificity was 83.3% for the brain and 68.6% for the thorax. For the fetal heart, none of the six abnormalities was diagnosed by US and specificity was 77.4%. Finally, for the fetal abdomen, sensitivity was 71.4% and specificity 73.3% ( Figure S1 and Table 3 ).
Fetuses ≥ 20 weeks' gestation
For the fetal brain at ≥ 20 weeks, sensitivity of postmortem US for detecting anomalies was 61.9% and specificity was 74.2% (Table 3) . Fetuses with agenesis of the corpus callosum ( Figure S2) , ventriculomegaly, or calcification due to congenital toxoplasmosis or lesions due to tuberous sclerosis (Figure 2 ), were diagnosed, while abnormalities of gyration were missed on postmortem US (Table 1) . For the fetal thorax, sensitivity was 29.5% and specificity 87.0% (Table 3 ). The majority of missed diagnoses were abnormal lung lobulation, and there was one missed case of right-sided congenital diaphragmatic hernia at 23 + 2 weeks associated with exomphalos and two cases of hypoplastic lungs associated with skeletal dysplasia at 21 weeks for one case and with hydrops at 28 weeks for the other one (Table 1) . For the fetal heart, sensitivity was 65.0% and specificity 83.1% (Table 3) . Postmortem US was better at diagnosing anomalies seen in the four-chamber view than anomalies of the great vessels ( Figures 3 and S3 , Table 1 ). For the fetal abdomen, sensitivity was 57.1% and specificity 76.9% ( Figure 4 , Table 3 ). Postmortem US was useful mainly for detecting anomalies of the kidneys ( Figure 5 , Table 1 ).
DISCUSSION
Main findings
We found that the diagnostic accuracy of postmortem US overall had 74.7% sensitivity and 83.3% specificity. Non-diagnostic rates for brain anomalies were higher in fetuses with maceration, and those for anomalies Data are given as % (n/N) (95% CI of %) or % (n/N). *Numbers diagnostic at conventional autopsy: brain, n = 70; thorax excluding heart, n = 122; heart, n = 122; abdomen, n = 123. GA, gestational age.
of the thorax and heart were higher in younger fetuses < 20 weeks. Nevertheless, postmortem US was diagnostic for the brain in 74.8% of fetuses and for the rest of the body in more than 80% of fetuses. Postmortem US as compared with conventional autopsy/MIA reached diagnostically acceptable levels for brain and abdominal organs, but was less accurate for thoracic, mainly heart, structures.
Comparison with previous studies
Votino et al. 21 evaluated the feasibility of postmortem US as a virtual autopsy technique in 88 fetuses at 11-40 weeks' gestation. A postmortem US examination was possible in 95% of the fetuses, and the sensitivity and specificity of the technique for detecting abnormalities were both about 90%, irrespective of the organ under evaluation and the gestational age at examination. In our present study, the rate of non-diagnostic results was about three times higher and the detection rate of abnormalities was significantly lower (especially for the heart). Whilst one explanation could be the higher number of early-gestation fetuses in our study, this is unlikely as 50% of their cases were < 20 weeks' gestation. A more likely explanation is that we used multiple operators, who were blinded to the antenatal imaging, across a range of clinical scenarios, compared with their single unblinded operator, which makes our results more clinically relevant.
In the last decade, the most studied virtual autopsy technique has been that based on postmortem MRI at 1.5-T [6] [7] [8] [9] [10] [11] [12] [14] [15] [16] [17] [18] . Although diagnostic performance of postmortem MRI in a previous study 18 seems better than our current data on postmortem US, the non-diagnostic rate for fetuses < 20 weeks' gestation using postmortem MRI was 53.8%, compared with only 24.3% for postmortem US in our study. The overall specificity across all organs was better in our study using postmortem US than it using postmortem MRI 18 , and sensitivity and specificity were somewhat better for the abdominal organs, although a formal statistical evaluation and direct comparison in the same patients has not been performed.
Implications for clinical practice
With the decline of conventional autopsy rates following TOP, any alternative postmortem examination is better than none 12 . However, even in cases in which parents give consent, we found that the brain examination was non-diagnostic in 20% of invasive postmortems, a rate similar to the 19% observed for postmortem US examination. In a previous study, virtual autopsy using 1.5-T MRI yielded a diagnostic result in 82% of 39 fetuses with non-diagnostic results on conventional autopsy 18 . Furthermore, conventional 1.5-T MRI of the fetal brain has been studied widely and is quite effective in detecting abnormalities in fetuses of gestational age > 20 weeks. We conclude that current data support the preferential use of postmortem MRI rather than postmortem US > 20 weeks' gestation for the fetal brain.
For the fetal heart after 20 weeks' gestation, while postmortem US may be sufficient to identify major anomalies seen in the four-chamber view, it was very poor for evaluating the great vessels. Unfortunately, conventional 1.5-T MRI is equally poor, and more advanced techniques, such as 9.4-T MRI and microfocus computed tomography, are unlikely to be successful due to the large size of fetuses during the second half of pregnancy 23, 24 . However, preliminary data have shown a 20% improvement in the overall concordance rate of MRI with conventional autopsy for detection of heart abnormalities when using 3.0-T as compared to 1.5-T MRI 18 .
With respect to the fetal thorax after 20 weeks' gestation, lung parenchymal anomalies were under-represented in our study, with about half of the cases concerning lung lobulation, and with fewer anomalies of the lungs than of other organ groups. As a consequence, we cannot draw conclusions for this indication. In fact, abnormalities of lung lobulation may have limited clinical consequences.
Finally, postmortem US had high success rate and performance irrespective of gestational age for detection of anomalies of the fetal abdomen. It shows promise as a technique for examining the fetal kidney and could potentially be proposed as an alternative to MRI. Furthermore, this high success rate has implications for future studies evaluating postmortem US-guided percutaneous biopsies, allowing addition of histology to postmortem imaging, which is essential to the diagnosis of kidney disease.
With regard to the group of fetuses examined before 20 weeks' gestation, postmortem US seems to be promising for the brain and thorax, in terms of success rate and specificity, but the number of anomalies was too small to evaluate their detection rate. Given that alternative techniques such as 9.4-T MRI and micro-CT are not widely available, postmortem US may be considered acceptable as a first-line examination. Unfortunately, our results for the heart were quite disappointing, with none of the six anomalies being diagnosed.
Study limitations
Our study had several limitations. First, some clinical scenarios were under-represented and thus definitive conclusions cannot be drawn, particularly about fetuses < 16 weeks. We also recognize that our postmortem US examinations were performed in a tertiary referral setting and may not be representative of how the technique might be adopted into clinical services. Second, we did not compare the performance of postmortem US and MRI in the same fetuses; clearly, a formal comparison is needed. Third, we did not evaluate the effect of operator experience, the interoperator and intraoperator variability, or the performance of fetal medicine specialists compared with pediatric radiologists. It may be that increased training in a specific area (e.g. fetal cardiac scanning or brain sonography) would increase postmortem diagnostic accuracy. However, our results reflect everyday practice and thus are more generalizable.
Conclusions
Postmortem US has acceptable diagnostic accuracy for the fetal brain and abdomen, but is limited in younger and in macerated fetuses. As postmortem US is relatively cheap, widely available and therefore attractive as a virtual autopsy technique, it may have a role as a first-line examination in younger fetuses, with which other imaging techniques struggle, although specific imaging of the heart is problematic. Further studies are needed to establish its diagnostic accuracy in a direct comparison against other imaging techniques, rather than just invasive postmortem.
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